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The arguments for the possibility of violation of P and CV symmetries of strong interactions 
at finite temperature are presented. A new way of observing these effects in heavy ion collisions is 
proposed - it is shown that parity violation should manifest itself in the asymmetry between positive 
and negative pions with respect to the reaction plane. Basing on topological considerations, we derive 
a lower bound on the magnitude of the expected asymmetry, which may appear within the reach of 
the current and/or future heavy ion experiments. 
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The strong CV problem remains one of the most out- 
standing puzzles of the Standard Model. Even though 
several possible solutions have been put forward (for ex- 
ample, the axion scenario |l|), at present it is still not 
clear why P and CV invariances are respected by strong 
interactions. 

A few years ago, it was proposed that in the vicinity 
of the deconfinement phase transition QCD vacuum can 
possess metastable domains leading to V and CV vio- 
lation 0. It was also suggested that this phenomenon 
would manifest itself in specific correlations of pion mo- 
menta 0, y|. Such "P-odd bubbles" are a particular 
realization of an excited vacuum domain which may be 
produced in heavy ion collisions |j , and several other re- 
alizations have been proposed before [3, |(j] . (For related 
studies of metastable vacuum states, especially in super- 
symmetric theories, see 0la@)- However the peculiar 
pattern of V and CV breaking possessed by P-odd bub- 
bles may make them amenable to observation, as we will 
discuss in this letter. 

The existence of metastable P-odd bubbles does not 
contradict the Vafa-Witten theorem [lOj stating that V 
and CV cannot be broken in the true ground state of 
QCD for 9 = 0. Moreover, this theorem does not ap- 
ply to QCD matter at finite isospin density |l]J and fi- 
nite temperature [12J . where Lorentz-non- invariant P- 
odd operators are allowed to have non-zero expectation 
values. Degenerate vacuum states with opposite parity 
were found [13( in the superconducting phase of QCD. 
Parity broken phase also exists in lattice QCD with Wil- 
son fermions |14J . but this phenomenon has been recog- 
nized as a lattice artifact for the case of mass-degenerate 
quarks; spontaneous V and CV breaking similar to the 
Dashen's phenomenon |15| can however occur for non- 
physical values of quark masses [16|. P-even, but C- 
odd metastable states have also been argued to exist in 
hot gauge theories [JjJ- The conditions for the applica- 
bility of Vafa-Witten theorem have been repeatedly re- 
examined in recent years [18| . 



Several dynamical scenarios for the decay of P-odd 
bubbles have been considered [ijj, and a numerical lat- 
tice calculation of the fluctuations of topological charge 
in classical Yang-Mills fields has been performed [20|. 
The studies of V— and CP-odd correlations of pion mo- 
menta |2j, |23 , including those proposed in ref 23] , have 
shown that such measurements are in principle feasible 
but would require large event samples. In addition, the 
magnitude of the expected effect despite the estimates 
done using the chiral Lagrangian approach y| and a 
quasi-classical color field model |24j remained somewhat 
uncertain. 

In this letter, we will give additional arguments in favor 
of V- and CP-breaking in a domain of a highly excited 
vacuum state. A new way of observing P-odd effects 
in experiment through the asymmetry in the production 
of charged pions with respect to the reaction plane will 
then be proposed. It appears that the magnitude of the 
expected asymmetry can be estimated on the basis of 
topological considerations alone, and that the effect may 
be amenable to observation in the existing and/or future 
heavy ion experiments. 

Let us begin with a brief introduction to the strong CV 
problem. Strong interactions within the Standard Model 
are described by Quantum Chromo-Dynamics, with the 
Lagrangian 

C = -\f^F^ v +J2$f [*7*(0/< - fc^Ma) - m f ] i> f , 

f 

(1) 
where F£ v and A afl are the color field strength tensor 
and vector potential, respectively, g is the strong cou- 
pling constant, ipf are the quark fields of different flavors 
/ with masses rrif, and t a the generators of the color 
SU(3) group in the fundamental representation. The La- 
grangian iTj^l is symmetrical with respect to space parity 
P and charge conjugation parity C transformations. 

However, these classical symmetries of QCD become 
questionable due to the interplay of quantum axial 



anomaly [25( and classical topologically non-trivial so- 
lutions - the instantons [26(. The axial anomaly arises 
due to the fact that the renormalization of the theory QJ 
cannot be performed in a chirally invariant way. As a 
result the flavor-singlet axial current J M 5 = "0/7^ 75^/ is 
no longer conserved even in the in — > limit: 



<9 M J m5 = 2mfiipfY 5 ipf 
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where F QM „ = 



1 papc 



The last term in © 



is seemingly irrelevant since it can be written down 
as a full divergence, F£ v F atlv = d^K^ 1 , of the 
(gauge-dependent) topological gluon current K^ — 
e^ up<T A ai/ [F apa — ^f a /3jAp p A J(T j . However this conclu- 
sion is premature due to the existence of instantons which 
induce a change in the value of the chiral charge Q§ = 
J d 3 xK° associated with the topological current between 
t = -00 and t = +00: v = f+™ dt^ = 2N f q[F], where 

q[F] = -^1 f d A xF£ v 'F afiv is the topological charge; for 
a one-instanton solution, q = +1. 

In the presence of degenerate topological vacuum 
sectors, an expectation value of an observable O 
has to be evaluated by first computing an average 
/ Dl^Dl^DlAlexpiiSQCD^itp^j, A) over a sector 
with a fixed topological charge q, and the n by sum- 
ming over all sectors with the weight f(q) 27]. The 
additivity constraint /(<7i + 92) = f{qx)f{qyt) restricts 
the weight to the form f(q) = exp(i9q), where 9 is a 
free parameter. Recalling an explicit expression q[F] = 
■^2 J d ' xFg" F ailv one can see that this procedure is 
equivalent to adding to the QCD Lagrangian Q Sqcd — 
J d A x£,QCD a new term 



Co 



32tt 



-n 2 F^F 



(3) 



Unless 9 is identically equal to zero, V and CV invariances 
of QCD are lost. 

One can eliminate the "#-term" © (but not CV vio- 
lation itself) by a redefinition of the quark fields through 
the chiral rotation i/jf — > exp(«75#//2) ipf with real 
phases 9 = J2t ® 5- Indeed, because of the axial anomaly 
(J2J, this is equivalent to the replacement 






(4) 



so that the term J2Jl can be eliminated at the cost of 
introducing complex quark masses. Introducing the left— 
and right-handed quark fields ipL — o(l — 75)"0> ipR — 
o(l + 75)^ i we can write the quark mass term of Q in 
the following form 

Cquark = ~}^ (filf ^LJ^RJ + m*f V'fijV'L,/) > (5) 
/ 

where the real masses mj from the Lagrangian ||TJ 
have been replaced by complex mass parameters rhf — 



mfexp(i6f). Because of (@J), all CV- violating phase can 
be attributed to a single quark flavor, say u, so that 
6 = U . Od = S = 0. Therefore if at least one of the 
quarks is massless, the CP-violating phase would not 
have any observable effect. From now on, we will ro- 
tate for simplicity all CV violating phase into the "up" 
quark of mass m = m u ; this does not lead to any loss of 
generality. We would like to emphasize again that quark 
masses are absolutely essential in the strong CV violation 
- this will be important in what follows. 

The complex mass parameters in JSJ) can be treated as 
" spurion" fields (28J , with an insertion of rh flipping left 
quarks into right, and vice versa for rh* . This "spurion" 
field is associated with a canonical chiral charge operator 



AQ 5 



dm* 



dm 



2i 
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(6) 



The parity-odd effect of the complex mass parameters in- 
ducing the difference between the left- and right-handed 
fermions can be made completely manifest by re-writing 
the u quark part of © as 

Cq = — m cos 9 [u^ur + u^u^—im sin 9 {u^ur — urUl) ■ 

(7) 
Parity violation in strong interactions has been never de- 
tected, and stringent limits exist on the value of CV vi- 
olating phase 9 < 3 x 10~ 10 . This means that in the 
physical vacuum the "spurion" field m = rnexp(i#) has 
a real expectation value determined by the quark masses 
(m) = m. Because rh and 9 cannot have any space-time 
dependence in the physical vacuum, the "spurion" field 
does not carry any energy or momentum. 

The metastable V and CV odd state of ref [2j acts 
as a localized in space and time vacuum domain with 
9 = (9(x, i) ^ 0; the space-time dependence of 9 and thus 
of m(x, t) — mexp(i0(x, £)) implies that the chiral charge 
operator 10 no longer commutes with the operator of 
momentum and the Hamiltonian. Therefore the field rh 
can now scatter quarks and create quark-antiquark pairs 
with non-zero chirality. What is the definition of chiral- 
ity in this situation? This question is not trivial since as 
we have seen above parity violation in QCD is possible 
only if all quark masses are different from zero, and the 
definition of chirality for a massive fermion is not Lorentz 
invariant and depends on the frame. 

Let us discuss this in more detail. Consider the second 
term in Q which is responsible for parity violation; in 
terms of the two-component spinors \ an d Pauli spin 
matrices a it involves 



X + cr(n-n')x, 



(8) 



where n = p/p is the unit vector in the direction of 
the quark momentum p, and we have assumed that the 
quark energy E 3> m. In the vacuum, the "spurion" field 



rh carries no energy or momentum, so the interaction 
of quarks with spurions leaves p = p', n = n'. This 
means that the chirality change is possible only through 
the flip of the spin of the quark, which changes the sign 
of the spin projection on the momentum, so that (o~a) i = 

Consider now a domain of excited QCD vacuum with 
9 = 6>(x, £); the "spurion" field associated with it can now 
transfer energy and momentum to the quarks, so that 
p ^ p' in the quark-spurion interaction vertex. More- 
over, the rest frame of the domain defines a preferred ref- 
erence frame in which the chirality of the massive quark 
is to be measured. If the domain is axially symmetric, 
and 9 = 9(r, il) depends only on the polar angle fl and 
not on the azimuthal angle <f> (which as we will soon see 
is the case for QCD matter produced in heavy ion colli- 
sions), this symmetry by Wigner-Eckart theorem defines 
the appropriate quantization axis for the quark spin a. 
Such a domain can generate chirality not by flipping the 
spins of the quarks, but by inducing up-down asymmetry 
(as measured with respect to the symmetry axis) in the 
production of quarks and antiquarks. 

Formally, this happens because the operator of chi- 
ral charge ©, corresponding to the rotation in the 9 
space, in this case commutes with the operator of rota- 
tions — i-$r in azimuthal angle, but not with rotations 
in polar angle f2. If the spins of the quark and anti- 
quark are aligned parallel to the symmetry axis of the 
domain, "right" quark would refer to the quark emitted 
in the upper hemisphere (along the direction of the sym- 
metry axis, with en > 0), and viceversa for the "left" 
antiquark. Therefore, a domain with 9 = 0(x, t) can 
generate spatial asymmetry in the production of uu and 
other quark pairs. In terms of the observable charged 
pions, this would mean that positive and negative pions 
will be produced asymmetrically with respect to the sym- 
metry axis. Because of the overall charge conservation, 
this implies that there will be more positive than nega- 
tive pions in the upper hemisphere, and more negative 
than positive pions in the lower hemisphere (the sign of 
the asymmetry is of course determined by the sign of the 
topological chiral charge of the domain). 

The spatial separation of positive and negative charges 
will induce an electric dipole moment (e.d.m.) in the sys- 
tem, which is a clear signature of CV violation. Searching 
for the fluctuations of 9 angle through the spatial separa- 
tion of electric charges in the hot quark-gluon fireball is 
analogous to the proposal of constraining the value of 9 in 
the vacuum by measuring the e.d.m. of the neutron |29| . 
In the framework of the chiral lagrangean description 
|23 , the spatial asymmetry of the pion cloud around the 
neutron is caused by the "P-odd ■nN coupling. Recently, 
the phenomenon of the spatial separation of quarks with 
different electric charges at finite 9 has also been demon- 
strated in the framework of the instanton liquid model 

M. 



Would a 6 domain produced in a heavy ion collision 
have a symmetry axis? Consider two symmetrical heavy 
ions with mass number A colliding with the center-of- 
mass energy y/s per nucleon pair, at an impact parame- 
ter b. In the c.m.s. frame the initial angular momentum 
of this system is L w A|[b x p]| ~ A b ■s/s/2. With 
yfs = 200 GeV (the energy of the RHIC collider), we 
have L ~ A/2 6[fm] x 10 3 units of angular momentum 
in the system. After the collision, part of this angular 
momentum is carried away from the produced fireball by 
the "spectator" nucleons, but it is clear that the produced 
matter must have thousands of units of angular momen- 
tum. This angular momentum is pointing perpendicular 
to the reaction plane, which can be reconstructed both 
by detecting the directions of forward fragments in the 
fragmentation regions on both sides, and by studying the 
particle correlations at mid-rapidity region. The angular 
momentum vector provides us with the symmetry axis 
discussed above. Moreover, we can now supplement our 
arguments with a simple semi-classical picture: rotat- 
ing deconfined color charges generate chromo-magnetic 
field H parallel to the angular momentum vector, and 
the quarks spins align along H. 

What is the magnitude of the expected effect? Fortu- 
nately we can estimate it without invoking any models 
for the CP-odd domain structure. Let us choose the 
polar axis along the vector of angular momentum; the 
distrubution N + (N-) of the produced u (u) quarks in 
the polar angle 51 according to 0,(01 will then be given 
by 



dN ± 

dn 



const (1 ± k cos $7) sinf2. 



(9) 



As usual, the CP-odd term in J§J appears due to the 
interference of CV breaking term (JSJ) with the CV even 
terms. Because of this, and because most of the quarks 
will be produced by parity-conserving interactions, one 
cannot evaluate the constant k in @ from J2J alone. 
Moreover, the dynamics of the collision will severely af- 
fect the shape of the distribution, adding parity-even 
harmonics to JSJ. Nevertheless, since {7J is the only 
source of parity violation and all other interactions con- 
serve parity, the up-down asymmetry in the production 
of u quarks defined as 



A, 



*• dN+ 
dfl 



N R -N L 
N R + N L 



^ /2 dN 4 



(10) 



dCl 



tt/2 



dN+ 
dVt 



will be preserved in the subsequent evolution of the sys- 
tem. Obviously, the asymmetry for u antiquarks will 
be A a = —A u = —k/2. The asymmetry between u 
and u quarks (|10|l is not directly observable; however 



if the hadronization process preserves V and CP, it 
should translate into the observable asymmetry in the 
production of charged pions; we will thus assume that 
A^+ = —A^- = A u . 

Let us consider a "P-odd domain with a topological 
charge Q > 1. Then N R - N L = Q in gQJ; if the total 
multiplicity of positive pions is Nr + Nl = A^ we get 
for the asymmetry an estimate 



A^ 



-A,- 



_Q_ 



(11) 



where Q > 1. It is important to note that topological 
charge Q of the domain is a conserved quantity, whereas 
the multiplicity of final state pions N n strongly fluctu- 
ates. In the deconfined phase, the probability of forming 
topologically charged domains is not suppressed so one 
may expect the CV-odd effects in almost every heavy ion 
collision event at sufficiently high energy. 

Soft particles produced in high-energy collisions are 
known to be correlated over about one unit of rapid- 
ity, which would most likely be a typical extent of a V- 
odd bubble in rapidity space, so one can take N„+ = 
dn^+ J dy. Even in the central rapidity region of heavy ion 
collisions the multiplicity of positive pions can slightly 
exceed the one for negative pions because the colliding 
nuclei are positively charged; however the normalized 
asymmetries IjlOJI of course should still be equal and op- 
posite in sign. (If the temperature is low and the isospin 
asymmetry is large, "P-odd condensates can form in the 
system |ll|, but these conditions are not met in heavy 
ion collisions). 

The multiplicity dn^+fdy depends on the centrality 
of the collision (apart from the energy and the mass 
number of the colliding ions); very peripheral collisions 
are most likely incapable of producing a sufficiently ex- 
tended volume of hot matter, so excluding them the mul- 
tiplicity per unit of rapidity in RHIC Au — Au events 
typically varies within the limits 100 < N^+ < 300. 
The expected magnitude of the asymmetry (|llf) is thus 
A K + ~ 10~ 2 . It may be possible to detect asymmetry 
of this magnitude by studying ir + ir + and 7r~7r - corre- 
lations with respect to the reaction plane of the colli- 
sion. The average angle S\ = tt/2 — 51 of 7r + meson 
with respect to the reaction plane according to (0 is 
(5X-K+) = 2k/3 = 4A+/3 - 10" 2 . While the parity vio- 
lation of that magnitude may well be amenable to obser- 
vation, an experimental study of the effect will require 
an ingenious high-precision method of correlating pion 
momentum asymmetries with the reaction plane, recon- 
structed from the elliptic flow and/or from the directions 
of the forward fragments. 

The ideas of using a decay of an oriented system to 
test fundamental symmetries date back to the work |3l| 
which led to the discovery of parity violation in weak 
interactions. The spatial separation of positive u quarks 
and negative u anti-quarks in hot QCD matter (and the 



resulting spatial asymmetry for 7r + and 7r production) 
induces an electric dipole moment of the system. 

An observation of such an asymmetry in heavy ion 
collisions would signal for the first time the possibility of 
V and CP-odd effects in strong interactions. Moreover, 
since the QCD vacuum is known to conserve parity, such 
an observation would establish unambiguously the cre- 
ation of a different phase of quark-gluon matter. 
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